The founding members of the HD-domain protein superfamily are phosphohydrolases, and newly discovered members are generally annotated as such. However, myo-inositol oxygenase (MIOX) exemplifies a second, very different function that has evolved within the common scaffold of this superfamily. A recently discovered HD protein, PhnZ, catalyzes conversion of 2-amino-1-hydroxyethylphosphonate to glycine and phosphate, culminating a bacterial pathway for the utilization of environmentally abundant 2-aminoethylphosphonate. Using Mössbauer and EPR spectroscopies, X-ray crystallography, and activity measurements, we show here that, like MIOX, PhnZ employs a mixed-valent Fe II /Fe III cofactor for the O 2 -dependent oxidative cleavage of its substrate. Phylogenetic analysis suggests that many more HD proteins may catalyze yet-unknown oxygenation reactions using this hitherto exceptional Fe II /Fe III cofactor. The results demonstrate that the catalytic repertoire of the HD superfamily extends well beyond phosphohydrolysis and suggest that the mechanism used by MIOX and PhnZ may be a common strategy for oxidative C-X bond cleavage. 
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W
ith the number of known protein sequences rising exponentially, assignment of functions to the ever-expanding proteome is a central, largely unmet challenge in the molecular life sciences. Assignment to a known superfamily based on sequence or structure is usually the first approach to predict the function of an uncharacterized protein and often provides valuable hints for further studies. However, nature uses divergent evolution to create new functions, leading to functional diversification within superfamilies that can be as modest as different substrate specificities or as profound as fundamentally different reaction types (1) . Without any biochemical or biological information, functional predictions based solely on superfamily assignment can thus be misleading or incorrect (2) .
The HD domain superfamily, recognized by Aravind and Koonin in 1998 on the basis of sequence analysis (3), now contains more than 37,000 members occurring in a broad range of organisms in all three domains of life and in more than 240 distinct domain architectures (4) . HD proteins possess a conserved α-helical core containing their characteristic H. . .HD. . .D sequence motif that binds a divalent metal ion (often Zn II , Mg II , or Mn II ) (5) . HD proteins with a dinuclear metal cluster, in which two additional histidines from within the D. . .D region of the domain form a second metal binding site, have also been identified (6, 7) . Only a limited number of HD proteins have been biochemically characterized; they almost exclusively catalyze phosphoester hydrolysis, which has led to the general assignment of HD proteins as phosphohydrolases (3, 5, (8) (9) (10) (11) (12) . The wide phylogenetic distribution and diverse domain architectures of the HD proteins suggest, however, that additional activities might have evolved within the superfamily. Indeed, the enzyme myo-inositol oxygenase (MIOX) exemplifies a mechanistically very different catalytic function for an HD protein (13) (14) (15) (6, 18) .
The recently discovered HD protein, PhnZ, catalyzes the 4e -oxidative C-P bond cleavage of 2-amino-1-hydroxyethylphosphonate (OH-AEP) to glycine and phosphate (19) (Fig. 1) . It is the second of two enzymes in a recently discovered pathway that degrades the most abundant environmental phosphonate compound, 2-aminoethylphosphonate (2-AEP) (20) (21) (22) (23) , and its reaction represents the third type of enzymatic C-P bond cleavage to be recognized (23) (24) (25) (26) . PhnZ was shown to require iron for activity, but the nature of the iron cofactor and its mechanism are unknown (19) . The first enzyme in the pathway, the Fe IIand α-ketoglutarate(αKG)-dependent oxygenase, PhnY, introduces the hydroxyl group on C1 of 2-AEP, activating the compound for subsequent C-P bond cleavage by PhnZ (19) . The assignment Significance Evolution functionally diversifies conserved protein architectures, precluding assignment of function from structure alone. The HD structural domain was first recognized in a group of phosphohydrolases and came to be associated with that activity, but characterization of the archetypal mixed-valent diiron oxygenase (MVDO), myo-inositol oxygenase, attributed a very different activity, O 2 -mediated C-C bond cleavage, to an HD protein. We demonstrate that the recently discovered C-P bond-cleaving enzyme, PhnZ, is another example of an HD-domain MVDO. Sequence and functional data for the dimetal HD proteins reveal that they segregate into well-defined clades, of which several are more likely to comprise MVDOs than phosphohydrolases. This study provides a basis to assign hydrolase or oxygenase activity to proteins in this largely uncharacterized enzyme superfamily.
of PhnZ to the HD domain superfamily, the conservation of the six residues that coordinate the cofactor in MIOX, the dependence of its catalytic activity on the presence of iron, and the analogy between the PhnZ-catalyzed oxidation and that catalyzed by MIOX all suggest that PhnZ might provide the second example of an HD protein using a mixed-valent diiron cofactor to catalyze an oxygenation (rather than a hydrolysis) reaction.
Here III diiron cofactor for oxidative bond cleavage and imply that the mechanism used by MIOX and PhnZ might be a more widespread strategy for the oxidative cleavage of C-X bonds in yet unknown reactions. Indeed, phylogenetic analysis of the HD superfamily suggests that there are potentially many other HD domain mixed-valent diiron oxygenases (HDMVDOs). These findings demonstrate that the catalytic repertoire of the HD superfamily extends well beyond phosphohydrolysis and illustrate once more how nature creates distinct catalytic functions within a common protein scaffold by divergent evolution.
Results
To address the nature of the iron cofactor in PhnZ, we turned first to Mössbauer spectroscopy. Overexpression of N-terminally His 6 -tagged PhnZ from the uncultured bacterium HF130_AEPn_1 in Escherichia coli and purification by Ni (Fig. 2) . The signals are broad and suggest the presence of two or more Fe II complexes (SI Appendix, Fig. S2 ), as has been seen in MIOX and other nonheme diiron proteins (16, (27) (28) (29) .
The 3D structure of the aerobically purified PhnZ (citratebound; Fig. 3 A and B), solved at a resolution of 1.8 Å with phasing by single-wavelength (Fe K-edge) anomalous diffraction (SI Appendix, Table S1 ), confirms that the diiron cluster detected in the Mössbauer spectra is coordinated by the residues in the H. . .HD. . .H. . .H. . .D sequence motif, as in other structurally characterized HD proteins with dinuclear metal clusters [see, for example, Protein Data Bank (PDB) ID codes 3TM8, 2IBN, 3CCG, 2O08, 2OGI, 3GW7, and 2PQ7 discussed below]. The coordination geometry of the PhnZ diiron cluster is nearly identical to the cluster geometries observed in these other proteins (Fig. 3) . The enzyme is a monomer, and the core helices near the active site superimpose well with those of MIOX (2.05 Å rmsd for 125 Cα atoms; ref. 30) . However, PhnZ is smaller (190 aa) than MIOX (285 aa), and the topology of peripheral structural elements differs significantly between the two proteins (SI Appendix, Fig. S3 ) (6) . The five α-helices characteristic of the HD scaffold contribute the six conserved iron ligands (His34, His58, Asp59, His80, His104, and Asp161). The iron ions, which are modeled at almost full occupancy (0.92), are most likely both in the Fe III oxidation state and are separated by 3.7 Å, similar to the distance seen in the structures of MIOX from Mus musculus and Homo sapiens (3.65 Å and 3.8 Å; PDB ID codes 2HUO and 2IBN) (6, 31) . The two Fe sites are bridged by the aspartate of the HD motif and one μ-oxo/hydroxo bridge, as also seen in the MIOX structures ( Fig. 3 B and C) . Citrate from the crystallization solution binds to the active site with well-defined electron density (SI Appendix, Fig. S5 ). Its hydroxyl group and Oβ1 of the central carboxyl group coordinate to the Fe2 ion, forming a fivemembered ring. The analogous Fe2 (Fe III ) site in MIOX is chelated by the C1 and C6 hydroxyl groups of the MI substrate in a very similar five-membered ring that includes the scissile C1-C6 bond. A structure of PhnZ with its natural substrate OH-AEP bound was obtained at a lower resolution (3.0 Å). PhnZ was previously shown to accept only one enantiomer of the chiral OH-AEP, but the active enantiomer was not identified (19) . The PhnZ substrate was prepared in stereochemically pure form by enzymatic synthesis using PhnY to hydroxylate 2-AEP. Polarimetry on the purified product established that PhnY produces III complex that should abstract the H atom from C1 of (R)-OH-AEP. Residues within hydrogen-bonding distance to the substrate and most likely crucial for stabilizing the complex include the largely conserved Lys108, Ser126, Thr129, Gln133, and Arg158 (SI Appendix, Fig.  S4 ), which bind to the phosphonate oxygens, and His62, which interacts with the hydroxyl group of (R)-OH-AEP. His62, in particular, seems important for proper orientation of the substrate, analogous to Lys127 in MIOX, which is essential for activity (6) .
With the exception of MIOX, all dinuclear nonheme-iron oxygenases and oxidases studied to date use the fully reduced forms of their cofactors to activate O 2 (32) (33) (34) (35) (36) (37) (38) , and the mixedvalent Fe II /Fe III forms are usually only marginally stable in these enzymes (28, 39, 40) . By contrast, MIOX employs the mixedvalent form of its diiron cluster to promote substrate and O 2 activation and accordingly stabilizes this state, allowing its accumulation in 60-70% yield (17 (Fig. 4) . The mixed-valent form in PhnZ can accumulate to 40-70% of the diiron species, consistent with its catalytic relevance. Anaerobic addition of substrate to the Fe II /Fe III form of PhnZ alters its EPR spectrum markedly (Fig. 4) and affords changes similar to those observed upon MI binding to MIOX (16) , in agreement with the crystallographic observation that (R)-OH-AEP coordinates directly to the diiron cluster to form a five-membered ring, as MI does in MIOX.
The active redox state(s) of the cofactor in PhnZ and the dependence of its activity on O 2 were assessed by monitoring conversion of (R)-OH-AEP to phosphate (P i ) by 31 P-NMR spectroscopy. For the activity measurements, the Fe II /Fe III cofactor was generated by incubation of the aerobically isolated protein with 5 equivalents (per diiron cluster) of L-ascorbate. Formation of the mixed-valent cofactor to ∼40% of the total diiron centers was confirmed by EPR spectroscopy (Fig. 5) . Incubation of 10 μM PhnZ containing 2.7 μM Fe II /Fe III cofactor with 2 mM (R)-OH-AEP at ambient temperature while continuously flushing with air resulted in complete conversion of the substrate to P i within 30 min (Fig. 5) . Without exposure to air, no product was detected, even after 6 h ( Fig. 5 and SI Appendix, Fig. S7 Fig. S8 ). This result demonstrates that PhnZ is an oxygenase rather than an oxidase.
To assess whether the Fe (17) . Because oxidation of (R)-OH-AEP to glycine and phosphate is charge balanced with the four-electron reduction of O 2 (Fig. 1) , the catalytically active state should be regenerated upon completion of the reaction. Indeed, samples prepared by mixing a solution enriched in PhnZ-Fe II /Fe III •(R)-OH-AEP with O 2 -saturated buffer and freeze quenching at reaction times as short as 0.026 s exhibit perturbations to the EPR spectrum signifying rapid consumption of the reactant complex and formation of a different EPR-active state. This state has apparent g values of 1.97, 1.67, and 1.55 (Fig. 6) . By a reaction time of 2 s, the spectrum of the reactant complex has largely returned, suggesting that the transient state detected at 0.026 s is a reaction intermediate. Stopped-flow absorption data also suggest accumulation of an intermediate followed by regeneration of the reactant complex (SI Appendix, Fig. S10 ). This cyclic decay and reformation of the PhnZ-Fe (41, 42) , illustrating that dimetal HD proteins can accommodate phosphohydrolase or oxygenase function and that the presence of the dimetal center is insufficient to assign a given HD protein as a new MVDO. In an approach to map the oxygenase/hydrolase boundaries within the dimetal HD family, we carried out a phylogenetic analysis of the known proteins. In the neighbor-joining radial phylogram shown in Fig. 7 , dinuclear members of the superfamily are segregated into seven clades, with the mononuclear YfbR nucleotidases included as an "outgroup" (gray). Proteins of the HD-GYP clade (in light blue; SI Appendix, Fig. S11 ) are known to hydrolyze the phosphodiester bond of the bacterial second messenger, cyclic di-GMP, using a dinuclear cluster (41, 42) . The metal ions in the active forms of these proteins are not known. The activity of HD-GYP from Borrelia burgdorferi was shown to be enhanced by the addition of Mn II (42) . By contrast, the crystal structure of HD-GYP from Bdellovibrio bacteriovorus was solved with a diiron cluster (7), and the HD-[HD-GYP] from Vibrio cholerae was suggested to be active in the diiron form (43) . No functions have been assigned to the proteins in the YqeK clade (in light green; SI Appendix, Fig. S12 ), but they are very likely to be nucleotidases, because two different structures (PDB ID codes 2OGI and 2O08) have (d)NDPs bound to the dimetal centers. These proteins have a conserved Arg residue in a position spatially equivalent to that occupied by a functionally essential Arg in YfbR and other mononuclear HD phosphohydrolases such as the HIV-restricting triphosphohydrolase SAMHD1 (9, 12) . The corresponding residues in MIOX and PhnZ are Asn and Gln. The presence of Arg at this position may thus be an indicator of a phosphohydrolase rather than MVDO function.
Proteins in the carnitine HD, ThpO, and YedJ clades are more likely to be MVDOs. Members of the clade that we have designated carnitine HD (in purple) are the most similar of all of the uncharacterized HD proteins to PhnZ. They are always encoded in tandem with a putative Fe II -and αKG-dependent oxygenase sharing high similarity with γ-butyrobetaine hydroxylases (GbbHs), which are known to be involved in carnitine biosynthesis in other organisms (44, 45) . The arrangement of tandem genes encoding an Fe II /αKG-dependent hydroxylase and an HD protein is strikingly reminiscent of the PhnY/Z case and suggests that the carnitine HD proteins could be MVDOs cleaving a C-X bond in the product of the GbbH-like enzyme. The YedJ clade (in dark blue; SI Appendix, Fig. S13 ) comprises entirely uncharacterized proteins. This clade is more closely related to PhnZ than to the known hydrolases (HD-GYP and YfbR), its members are missing the aforementioned Arg residue of YfbR, and a biochemical screen for phosphohydrolase/nucleotidase activity found E. coli YedJ to lack such activity (9) . Thus, these proteins are more likely MVDOs rather than phosphohydrolases, as they have been annotated. The clade (in violet; SI Appendix, Fig. S13 ) headed by a structurally characterized protein (PDB ID code 2PQ7) from an uncultured Thermotogales species, named by us ThpO (Thermotogales putative oxygenase), is very closely related to the YedJ clade and also comprises proteins of unknown function. Like the YedJ clade, the ThpO clade is phylogenetically closer to PhnZ than to the known hydrolases. The similarity relationships and the absence of the Arg residue of YfbR imply that ThpO is a MVDO. The two phosphates bound in the structure might hint at oxidative cleavage of a phosphonate, which would yield phosphate as a product, as in the reaction catalyzed by PhnZ.
Discussion
Our results demonstrate that the expanded catalytic repertoire of HD proteins originally suggested by the characterization of MIOX extends to other members capable of oxidative C-X bond cleavage using a mixed-valent diiron cofactor. The phylogenetic analysis of the dimetal HD proteins reveals that there are potentially many more MVDOs within the superfamily, illustrating how a common protein scaffold can accommodate multiple, very different catalytic functions. The association of some members of the dimetal family with hydrolase activity raises the interesting questions of whether the mixed- 
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PhnZ-like in phn operons Pseudomonas Fig. 7 . Phylogenetic tree of the dinuclear HD proteins. Representatives from the mononuclear YfbR phosphatases have been included as outgroup. The unrooted radial phylogenetic tree is based on analysis of the amino acid sequences of 97 representative proteins (SI Appendix, Table S2 ). Tree topography and evolutionary distance are given by the neighbor-joining method. The stability of the tree was verified by the bootstrap method with 1,000 replications. Similar trees were obtained by using the minimum evolution and maximum likelihood methods. The scale bar represents a difference of 0.1 substitutions per site. The "PhnZ-like" subclade (dark green) includes proteins that show a high degree of similarity to PhnZ and are encoded in gene clusters associated with phosphonate degradation pathways but lack a phnY-like gene.
a criterion for assigning functions to newly discovered HD proteins. Alternatively, should HD hydrolases prove also to stabilize the Fe II /Fe III forms of their cofactors and, perhaps, even use them in catalysis (as the non-HD phosphatase uteroferrin does) (46) , it would suggest that the ability of the HD architecture to stabilize the Fe II /Fe III state, with its unique capacity for both Lewis acid and O 2 -activation facilities, might have been a crucial prerequisite for the divergent evolution of the HD superfamily into hydrolases and oxygenases. Hydrolases that are active in the mixed-valent state might in this case represent common ancestors or evolutionary intermediates between HD proteins with hydrolase and oxygenase function. Characterizing representative HD proteins of the various clades in the phylogenetic tree should allow these intriguing questions to be answered and should further enable identification of specific hallmarks of the two activities. Such determinants would then facilitate functional assignment of proteins in the largely uncharacterized HD superfamily.
Materials and Methods
A detailed description of materials and methods is provided in the SI Appendix, Materials and Methods. It describes the procedures employed in overexpression and purification of PhnZ, the enzymatic synthesis of OH-AEP from 2-AEP using PhnY, and PhnZ activity assays with detection by NMR spectroscopy and mass spectrometry. Finally, it details the preparation of FQ samples, Mössbauer and EPR spectroscopic methods, the crystallographic methods, and the phylogenetic analysis.
